Large extrachromosomal elements are widespread among Alphaproteobacteria, but it is unclear how up to a dozen lowcopy plasmids can stably coexist within the same cell. We systematically analyzed the distribution of different replicons in about 40 completely sequenced genomes of the Roseobacter clade (Rhodobacterales) and surprisingly identified a novel plasmid replicon type. The conserved replication module comprises the characteristic partitioning operon (parAB) and a hitherto unknown replicase. The latter shows a weak homology to the chromosomal replication initiator DnaA and was accordingly named ''DnaA-like.'' Phylogenetic analyses of the adjacent parAB genes document a common ancestry with repA-and repB-type plasmids and moreover indicate the presence of two dnaA-like compatibility groups. This conclusion is supported by conserved palindrome sequences within the replication module that probably represent crucial centromeric anchors for plasmid partitioning. The functionality of dnaA-like replicons was proven by transformation experiments in Phaeobacter gallaeciensis BS107 (DSM 17395). This Roseobacter strain furthermore allows the phenotypical monitoring of plasmid incompatibility, based on a 262-kb dnaA-like replicon required for the brown pigmentation of the bacterium. Uptake of an incompatible construct induces its loss, hence resulting in white colonies. Accordingly, we could substantiate the in silico predictions about stable maintenance of dnaA-like plasmids and thereby functionally validate our approach of plasmid classification based on phylogenetic analyses.
Introduction
From a genetic perspective bacterial cell division is a tough job. A sophisticated spatiotemporal regulation of DNA replication and partitioning is required to reliably transmit the chromosomes to the offspring. DnaA, the crucial initiator of replication, catalyzes the unwinding of the chromosome at the AT-rich origin of replication (oriC; Messer 2002; Kaguni 2006 ). This replicase is member of the AAAþ ATPase family (Iyer et al. 2004 ) that contains apart from the central ATP-binding cassette, a C-terminal helix-turn-helix domain for DNA binding and an Nterminal oligomerization domain (Erzberger et al. 2002) . The latter is required for the formation of the replisome, a multiprotein complex that moreover comprises the helicase, regulatory factors, and the essential DNA polymerase III (Mott and Berger 2007) . DnaA is pivotal to ensure that the chromosome is duplicated just once per cell cycle. Because replication of extrachromosomal elements is also performed by the host cell replisome, individual initiator proteins are required to recognize the plasmid origins of replication (oriV) and regulate their coordinated propagation (Messer 2002) . These initiators represent functional analogs of the trans-acting DnaA protein (Jacob et al. 1963) , even if the genuine chromosomal replicase is sometimes also involved in successful replication (del Solar et al. 1998) .
The partitioning apparatus ensures the parity of duplicated replicons in the two daughter cells. Corresponding modules of low-copy number plasmids (current study) are homologous to their chromosomal counterparts, and they consist of the two genes parA and parB representing an operon . In plasmids, where the system is best investigated, they are located adjacent to the replication initiator gene ( fig. 1 ). The whole cassette harbors all essential components for the propagation and stable maintenance of plasmids and therefore reflects their ''functional core '' (Wagner-Döbler et al. 2010) . Recent studies document that bacterial partitioning includes the formation of dynamic filaments that are evocative of the mitotic spindle apparatus in eukaryotes (Ebersbach and Gerdes 2005) . ParB proteins generally exhibit a tripartite composition comprising an amino-terminal part for the interaction with ParA, a central helix-turn-helix DNA-binding motif, and a carboxy-terminal dimerization domain (Figge et al. 2003) . ParB proteins bind cooperatively to centromere-like sites of bacterial replicons and thus function as DNAbinding anchors of the partitioning complex .
In the early years of plasmid biology, extrachromosomal elements were sorted into compatibility groups according to their ability to stably coexist within the same cell (Datta and Hedges 1971) . The molecular basis of incompatibility, that is, the stochastic loss of one of the two incompatible plasmids, has meanwhile been analyzed in detail and is based on the failure of the bacterial host cell to differentiate between too similar replicons. Plasmid incompatibility regions typically represent DNA interfaces for protein binding either of the replication initiator or the partitioning apparatus (Novick 1987) . However, replicons with homologous replication/partitioning modules are not a priori incompatible and stable coexistence depends on coevolutionary modifications of the cis-acting recognition sites and trans-acting factors. A prime example for plasmid diversity is the alphaproteobacterial repABC-type replicon represented by at least nine compatibility groups in Rhodobacterales (Petersen et al. 2009 ). This phylogenetic study using complete genome data documents that compatible repC initiator genes are located in distinct subtrees, and they can accordingly be classified based on phylogenetic analyses. In general, replicator genes represent together with the adjacent parAB-partitioning genes (see above), the exclusive suitable molecular markers for the classification of plasmids because all other genes are in principle dispensable and subject to frequent exchanges via recombination or transposition (Wagner-Döbler et al. 2010) .
The Roseobacter clade (Rhodobacterales, Alphaproteobacteria) represents one of the most abundant groups of marine bacteria with versatile metabolic capacities including sulfur transformations or carbon monoxide oxidation and many representatives live as aerobic anoxygenic phototrophs (Buchan et al. 2005; Wagner-Döbler and Biebl 2006; Moran et al. 2007 ). Roseobacters were first described two decades ago without knowledge of their ecological relevance and named according to their photosynthetic pigmentation resulting in a pink color (Shiba 1991) . With more than 40 completely deciphered genomes, they represent one of the best-investigated branches in the tree of life (Brinkhoff et al. 2008) . However, with the remarkable exception of repABC-type replicons (see above), no systematic approaches to determine the composition and evolution of their plasmids have been performed yet. Pulsed-field gel analyses document that some representatives of the Roseobacter clade contain up to 12 large extrachromosomal elements (Pradella et al. 2010) , but the molecular background of their compatibility has to be elucidated. Three different replication types designated rep-ABC, repA, and repB have recently been identified in Dinoroseobacter shibae (Wagner-Döbler et al. 2010) . They are named according to their replication initiation proteins RepC, RepA, and RepB (Moscoso et al. 1997; Bartosik et al. 2001; Cevallos et al. 2008 ) and represent the complete plasmid variety that has been described for Rhodobacterales so far.
The current study is essentially based on comprehensive phylogenomic comparisons of completely sequenced Alphaproteobacteria that revealed that several replicons from the Rhodobacterales apparently lack known initiator genes. However, on the 262-kb plasmid of Phaeobacter gallaeciensis BS107, we identified a conserved hypothetical gene (ZP_02146629) that is located adjacent to the characteristic parAB operon and exhibits a weak homology to the DNA-binding domain of the chromosomal initiator DnaA. Our working hypothesis that the corresponding protein is a genuine replicase was experimentally validated and hence we designate the novel plasmid initiator ''DnaAlike.'' Phylogenetic analyses revealed the common origin of parAB modules from dnaA-like, repA, and repB cassettes.
Materials and Methods

Amplification and Cloning of DnaA-Like Modules into a Modified pBluescript Vector
Phaeobacter gallaeciensis exhibits a low-level innate resistance against low concentrations of ampicillin (Piekarski et al. 2009 ), and thus, we decided to clone an additional gentamicin resistence gene into the pBluescript SKþ vector. The gentamicin cassette was amplified with specific forward and reverse primers (5#-GGAAACGGATGAAGG-CACCAA-3# and 5#-GCCCAGCGCCAGCAGGAAC-3#) from the broad-host-range vector pBBR1MCS-5 (Kovach Finally, a negative control lacking the dnaA-like replicase was used in our transformation experiments. Therefore, we amplified and cloned a truncated 3,369-bp replication module of P. gallaeciensis BS107 (DSM 17395) (5#-TCTTGGTCAGGGTTCACG-3#, 5#-AAACCTTCGTG CCGCTTGTGA-3#).
Transformation of P. gallaeciensis
The wild-type of P. gallaeciensis BS107 (DSM 17395) and its mutant strain M3, lacking the 262-kb plasmid, were used for transformation experiments. Both strains were cultivated in Bacto Marine Broth medium (DSMZ medium 514) at 28°C to the mid-log phase. Preparation of electrocompetent strains and transformation was conducted according to the method of Dower et al. (1988) .
Plasmid Isolation and Southern Blotting
For standard plasmid isolation, transformants were cultivated in 100-ml Erlenmeyer flasks with 20 ml 0.5-fold concentrated Bacto Marine Broth (DSMZ medium 514) for 3 days at 28°C. Plasmids were extracted with the NucleoBond kit (Macherey-Nagel). DNA digestion with SacI, Southern blotting and hybridization with a digoxygeninlabeled gentamicin probe was performed as previously described (Pradella et al. 2004 ).
Database and Sequence Analyses
The data set of dnaA-like, repA, and repB modules was established by comprehensive Blast searches in the public databases. We established the complete operon sequences including the 5# region upstream of the replicase (dnaAlike, repA, and repB) and the 3# region downstream of parB and identified the palindromes with the ''palindrome'' and ''fuzznuc'' search options at the mobyle online portal (http:// mobyle.pasteur.fr/cgi-bin/MobylePortal/portal.py). The GC content of the replication modules was analyzed and visualized by the Artemis software (http://www.sanger.ac.uk/resources/software/artemis/) in order to identify the putative origin of replication (oriV). Annotated amino acid sequences of repA, repB, and repC were retrieved from the databases and aligned with ClustalW implemented in the program BioEdit version 7.0.9 (http://www.mbio.ncsu.edu/bioedit/ bioedit.html). Because most of the available genomes stem from automatic annotation pipelines, we manually corrected obviously wrong N-termini as well as rare putative sequencing errors leading to frameshifts (see supplementary tables S1-S3, Supplementary Material online).
Phylogenetic Analyses
The initial alignments obtained with ClustalW (Thompson et al. 1997) were manually refined using the ED option of the MUST program package (Philippe 1993) . G-blocks were used to eliminate both highly variable and/or ambiguous portions of the alignments (Talavera and Castresana 2007) . The maximum likelihood (ML) analyses of all data sets were carried out with PhyML version 3.0 (Guindon and Gascuel 2003) . The model was based on the new LG-matrix of amino acid replacements (Le and Gascuel 2008) with empirical amino acid frequencies and either without or with four discrete gamma rates (LG þ F; LG þ F þ C4). Bootstrap analyses with 100 replicates were performed with PhyML using the same models as above to estimate the support for internal nodes. Based on low statistic support from the ML analyses (data not shown), we decided to use more simple nonprobabilistic methods and choose PAUP* to perform maximum parsimony analyses including 100 bootstrap replicates (Swofford 2002) . Finally, we used the neighbor-joining (NJ) algorithm either with uncorrected or with Kimura corrected distances and performed 1,000 bootstrap replicates (Philippe 1993) . The NJ trees obtained were usually identical or very similar, but the bootstrap values were consistently higher with uncorrected distances. Accordingly, all phylogenetic trees presented in the current study are uncorrected NJ analyses. This result seems at first surprising, but it is likely due to specific features of the plasmid data set as, for example, a changing selection pattern associated with the emergence of new compatibility groups. The corresponding sequences are very divergent, and the use of many parameters by the rather sophisticated model-based probabilistic approaches (ML) is introducing a very large error margin associated with the estimates, thus reducing their performance below the level of the most simple approach, that is, noncorrected distances and the NJ algorithm.
Results and Discussion
Identification of a Novel Plasmid Replication Type
We systematically analyzed the distribution of plasmid replication modules in completely sequenced members of the DnaA-Like Replicons · doi:10.1093/molbev/msq310 MBE marine Roseobacter clade in order to reveal the proportion of repA-, repB-, and repABC-type plasmids. One representative, whose genome sequence has recently been established, is P. gallaeciensis BS107 (DSM 17395) containing three extrachromosomal elements with a length of 65, 78, and 262 kb (Thole S, unpublished data, fig. 1 ). The two smaller plasmids represent repA-and repB-type replicons, but we initially failed to identify the replicase gene of the third plasmid. This replicon contains a parABpartitioning operon (ZP_02146628; ZP_02146627) and an adjacent gene with unknown function (ZP_02146629). We hypothesized that the latter one may represent a hitherto unknown replicase because Blast searches revealed several highly conserved homologs in other Rhodobacterales (e.g., R. litoralis, O. batsensis, and Paracoccus denitrificans) that are also located in close proximity to the parAB module. This view is supported by the detection of the putative AT-rich origin of replication (oriV) in the noncoding part between this gene and parAB (supplementary fig. S1 , Supplementary Material online). We could validate the functionality of the replication cassette experimentally (see below) and thus provide the proof that this module represents a new plasmid replication type. In silico analyses revealed a weak homology with the chromosomal replication initiator DnaA, and we accordingly designate the novel replicase ''DnaA-like.'' However, the sequence conservation is restricted to the C-terminal part representing the crucial DNA-binding domain. Therefore, its functional role remains unclear because the characteristic central AAAþ ATPase domain of DnaA is missing, and the N-terminus exhibits no homology to known proteins. DnaA-like may be an autonomous initiator with a deviating initiation mechanism. Alternatively, and as previously reported for other plasmids (del Solar et al. 1998) , it may represent an accessory initiator protein that is essential for DNA binding close to the oriV and mediates the protein-protein interaction with the host cell initiator DnaA in order to form the functional replisome.
Phylogenetic Analyses of DnaA-Like Sequences
We elucidated the phylogenetic distribution of dnaA-like genes via comprehensive Blast searches and identified 24 clearly homologous sequences (E-value below 1 Â10 À20 ). Their deduced lengths are about 230 amino acids, and they exhibit a sequence identity of at least 34% (similarity 53%). All dnaA-like genes are located in direct proximity to the parA and parB genes of the partitioning operon, but in opposite direction (see fig. 1 ). Two additional dnaA-like pseudogenes have been detected (ZP_01586482, EDZ43102), and those of the 153-kb D. shibae plasmid obviously originates from a deletion between dnaA-like and the adjacent parA gene. The novel replication gene is exclusively present in Rhodobacterales, and apart from the basic affiliation to dnaA, no further homologous genes could be identified. Thus, and in analogy to repABC-type plasmids (Petersen et al. 2009 ), the dnaA-like replication system seems to be specific for Alphaproteobacteria and may represent a genuine evolutionary invention of this lineage. The absence of additional extrachromosomal replication systems on the 262-kb plasmid of P. gallaeciensis BS107 (see above), the 492-kb megaplasmid of Silicibacter pomeroyi (Moran et al. 2004) , and even the second 1.7 MB chromosome of Pa. denitrificans (CP000490) is indicative of the importance of dnaA-like modules. A phylogenetic NJ tree of all DnaA-like sequences is shown in figure 2 (accession numbers are summarized in supplementary table S1, Supplementary Material online). The tree is deeply divided in two subtrees containing 18 and 6 sequences, and the location of the root has been deduced from the branching order of the adjacent partitioning genes (see fig. 3 and  supplementary fig. S2, Supplementary Material online) . The sequences are from Rhodobacterales strains with completely sequenced genomes. No subtree contains more than one sequence per strain, but Oc. indolifex, Sulfitobacter sp. EE-36, and Sulfitobacter sp. NAS-14.1 sequences are present in both subtrees. Under the assumption that they represent functional replication modules, these plasmids would be compatible and the distinct DnaA-like subtrees may represent distinct compatibility groups (see below). The stable maintenance of replicons with homologous replication modules is not unusual and, for example, documented for D. shibae DFL-12 whose genome contains three compatible plasmids of the repABC type (WagnerDöbler et al. 2010) . In a recent phylogenomic study that is comparable with the current approach, we identified nine repABC compatibility groups among Rhodobacterales (Petersen et al. 2009 ).
The replication initiator genes are eponymous for the plasmid types and serve as crucial markers for their classification, but with respect to phylogenetic analyses it is important to be aware that horizontal exchanges via conjugation may impede valid conclusions about organismal relationships. However, it is conspicuous that the internal branching pattern of the well supported DnaA-like subtree II ( fig. 2 ) mirrors the topology of a comprehensive 16S rRNA analysis (Brinkhoff et al. 2008) , and there is also congruence within the larger subtree I, even if the statistical support is low. The plasmids could accordingly have been vertically inherited via speciation. This finding may indicate that horizontal gene transfer (HGT) plays a less important role in plasmid evolution than one would a priori expect based on the abundance of type IV secretion systems required for conjugation (Juhas et al. 2008; Wagner-Döbler et al. 2010 ).
Comparative Phylogenetic Analyses of the Partitioning Genes parA and parB The clustering of functionally related genes in bacterial genomes provides an exceptional opportunity for a comparative assessment of their evolutionary relationships. A comprehensive parA and parB sequence sampling started with the partitioning genes that are located adjacent to the dnaA-like genes presented in figure 2. Previous phylogenetic analyses have shown that homologous parAB genes are widely distributed (Ebersbach and Gerdes 2005) . They are characteristic for the chromosomal partitioning Petersen et al. · doi:10.1093/molbev/msq310 MBE system of bacteria ( fig. 1 ) but also used, for example, in alphaproteobacterial repABC-type plasmids (Cevallos et al. 2008 ; repAB is the historic designation of repABCpartitioning genes, but they are not related to the homonymic replicases repA and repB). Our sampling was focused on the closest parAB relatives of the dnaA-like module, which belong to repA-and repB-type replicons (Moscoso et al. 1997; Bartosik et al. 2001) . A phylogenetic NJ analysis of 60 ParA sequences based on 376 amino acid positions is shown in figure 3 (for accession numbers, see supplementary table S2, Supplementary Material online). The subtrees represent different replication modules (ParA of RepA-I and RepB-I) or at least compatibility groups (ParA of DnaA-like), and they are highlighted with a specific color code in order to facilitate the comparison between the phylogenetic trees. In the ParA tree, 24 ParA sequences of the dnaA-like module (yellow), 14 representatives of repA-(green), and 16 of repB-type replicons (blue) have been analyzed; partitioning genes of the repABC-8 module were used as an outgroup to root the tree (supplementary table S2, Supplementary Material online; Petersen et al. 2009 ). The two ''DnaA-like'' subtrees as well as the ''RepA'' and ''RepB'' branches group together within the ParA phylogeny, respectively. These relationships plus the common origin of all four subtrees are supported by maximal statistic support (100% bootstrap values). The same ingroup sequence composition and basal bootstrap support of the four groups are exhibited by the adjacent parB gene, which precisely mirrors the global ParA topology (cf. fig. 3 with supplementary fig. S2, Supplementary Material online) . Moreover, a comparison of the branching pattern within the different subtrees of both partitioning genes (parA and parB) provides no hint for any recombination events. In contrast to the reshuffling of the different replication genes (dnaA-like, repA, repB; see below), ParA and ParB phylogenies document a completely concerted evolution of the partitioning operon (parAB).
Scenario for the Evolution of Replication and Partitioning Modules
Comparative phylogenetic analyses of the partitioning operon and the different replication genes in the current study should enlighten the evolution of the novel dnaA-like module, especially because the origin of the replicator gene remains unclear except for the weak homology to dnaA. In order to reveal the phylogenetic relationship of the different replicator genes, we performed comparable phylogenetic NJ analyses of repA and repB genes ( fig. 4 and  supplementary fig. S3, Supplementary Material online) . A closer look at the RepA tree ( fig. 4 ) reveals the presence of DnaA-Like Replicons · doi:10.1093/molbev/msq310 MBE four subtrees harboring Rhodobacterales genes (highlighted in gray) that are located together with other alpha-, beta-and gamma-proteobacterial sequences. The presence of Rhodobacter sphaeroides ATCC17025 sequences in subtrees I and IV together with those of Sulfitobacter sp. NAS-14.1 in subtrees II, III, and IV indicate that these branches represent four compatibility groups of RepA. The underlying rationale for this assumption is that all plasmids of a completely sequenced bacterial strain must be compatible (for further explanations, see Petersen et al. 2009 ). Subtree I exhibits the same 14 sequences as the ''RepA-I'' subtree in the ParAB phylogenies, and the branching order among the trees is comparable (see fig. 4 vs. fig. 3 and supplementary fig. S2 , Supplementary Material online). However, the well supported relationships of the distinct RepA subtrees with, for example, beta-proteobacterial sequences document that the topologies of the repA initiator gene and the adjacent parAB-partitioning genes are incongruent with the exception of the ingroup topology of subtree I. At least one recombination event between preexisting replication and partitioning modules is required to reconcile this discrepancy. Similar phylogenetic analyses of repB-type initiator genes reveal a comparable result proposing the presence of three subtrees among Rhodobacterales, representing additional compatibility groups (shown in blue; supplementary fig. S3 , Supplementary Material online). Subtree I harboring 16 Rhodobacterales sequences precisely corresponds to the ''RepB-I'' subtree in the ParAB phylogenies (cf. supplementary fig. S3 with fig. 3 and supplementary   fig. S2 , Supplementary Material online) and is hence indicative of their concerted evolution, but the affiliation with beta-and gamma-proteobacterial sequences clearly documents another ancient rearrangement. It is noteworthy that a comparison of the phylogenetically well-defined ParA, ParB, and replicase subtrees of repA, repB, and dnaA-like replicons reveals, in contrast to repABC-type replicons (Petersen et al. 2009) , not a single recombination event between the parAB-partitioning module and the replicase gene. Accordingly, chimeric replication units of these modules may generally be ''nonviable'' because they fail to transmit the plasmids to the offspring. A plausible underlying reason is the absence of compatible centromeric anchors serving as attachment sites for the partitioning apparatus .
Our phylogenetic analyses of DnaA-like and related replication modules document that contemporary replicons DnaA-Like Replicons · doi:10.1093/molbev/msq310 MBE originate from rare duplication and recombination events (see above). A parsimonious evolutionary scenario that incorporates these crucial incidents but essentially rest upon the homology of the partitioning genes (parAB) is shown in figure 5 . It is likely that the primordial dnaA-like module originated from a regroupment of a duplicated chromosomal initiator gene (dnaA) with a preexisting partitioning operon. The latter module obviously stems from an extrachromosomal element because their genes exhibit a closer relationship to partitioning genes of, for example, repABCtype plasmids than to their chromosomal counterparts. Congruent ParA and ParB phylogenies ( fig. 3 and supplementary fig. S2 , Supplementary Material online) of present day repA-I and repB-I replicons can be explained by two successive duplications of the primordial module. One duplicate of the partitioning operon has been fused with a preexisting repA or repB gene, but it is not possible to conclude which recruitment occurred first as indicated by the question marks in figure 5 . The present day distribution of repAand repB-type modules can be traced back to a second duplication followed by another recombination event. Finally, the two compatible dnaA-like modules may either directly originate from an intracellular duplication or from the speciation and a subsequent HGT. Further recombination events can be excluded because all three genes of the corresponding module, that is, dnaA-like, parA, and parB, evolve in a nearly perfectly concerted mode ( fig. 2 and fig. 3;  supplementary fig. S2 , Supplementary Material online).
Palindromes and Compatibility
The emergence of two dnaA-like replication modules via duplication raises the question about the molecular basis of their compatibility. We thoroughly searched for sequence features like iterons and palindromes in these modules because they are known as typical plasmid incompatibility regions (Chattoraj 2000; Bouet et al. 2007) . Iterons, that is, direct sequence repeats that represent cis-acting binding sites for the replicase, have been identified on the 65-and 78-kb plasmids of P. gallaeciensis BS107 upstream of repA and repB, respectively ( fig. 1) . However, the general absence of iterons in dnaA-like replicons indicates a different mode of replication initiation in this novel plasmid type. In striking contrast, palindromic sequences are universally present in these replicons ( fig. 6 ). The palindromes of DnaA-like modules have a length of at least 14 nt like their counterparts in repABC-type plasmids (Petersen et al. 2009 ), and they may also serve as cis-acting binding anchors for ParABfilaments of the partitioning apparatus. The palindromes are with sporadic exceptions (see noncapital letters in fig. 6 ) completely conserved and could likewise represent incompatibility regions. Even the truncated dnaA-like MBE replication module, which is located on the 153-kb repAtype plasmid of D. shibae (see above), retained this inverted repeat. The differences among the palindromes of DnaA-like subtrees I and II do not only correlate with their compatibility (see consensus sequences fig. 6 ) they may even provide the structural basis for the presence of two replicons in Oc. indolifex, Sulfitobacter sp. EE-36, and Sulfitobacter sp. NAS-14.1. If the conservation of palindromes is really indicative for a stable maintenance of dnaA-like plasmids, it is possible that the phylogenetic subtree DnaA-like II has to be subdivided into two separate compatibility groups. The palindromic consensus of both Sulfitobacter isolates, Roseobacter sp. GAI101, and Oc. indolifex is GTTACCCA/TGGGTAAC in contrast to GTTACCGG/CCGGTAAC exhibited by the two Rh. sphaeroides strains (fig. 6 ). The prediction of two compatibility groups would also be in agreement with our phylogenetic analyses of dnaA-like, parA, as well as parB genes ( figs. 2 and 3 and supplementary fig. S2 , Supplementary Material online). However, the correlation between palindrome sequence conservation and compatibility among dnaA-like plasmids is obviously less stringent than those of repABC-type replicons (Petersen et al. 2009 ). The perfect palindrome of O. batsensis deviates in four positions from the consensus sequence of subtree I ( fig. 6 ), but the proposed affiliation to this compatibility group has been experimentally proven as outlined below.
Functional Testing of DnaA-Like Plasmids
We developed an experimental setup to validate our in silico predictions about the novel dnaA-like plasmid type. Complete replication modules were cloned into a suited vector and subsequently transformed into an alphaproteobacterial host cell in order to document their functionality. The prerequisite for this approach is a close spatial accumulation of all essential components for plasmid maintenance including the replication initiation and partitioning genes, the origin of replication (oriV), and cis-acting elements as, for example, the centromeric anchor for partitioning. Such a clustering is typical for extrachromosomal replicons and can also be assumed for dnaA-like modules (see fig. 1 DnaA-Like Replicons · doi:10.1093/molbev/msq310 MBE exchange of remote but essential components would result in plasmid loss.
We cloned the dnaA-like replication modules from P. gallaeciensis BS107, R. litoralis, and O. batsensis with a length of approximately 4 kb into a modified pBluescript vector harboring an additional gentamicin resistance gene (see Materials and Methods; supplementary fig. S1 , Supplementary Material online). This common high-copynumber plasmid of Escherichia coli was used for the functional tests due to its limited host-range, which is restricted to Gammaproteobacteria. Phaeobacter gallaeciensis was chosen as homologous test system for the transformation experiments because it is in contrast to other completely sequenced roseobacters, as, for example, D. shibae, well transformable by electroporation (Berger et al., unpublished data) . A necessary prerequisite for our knockout approach is the dispensability of the 262-kb plasmid containing the dnaA-like module. We used the existing mutant M3 (lacking the 262-kb plasmid) as recipient strain and could unequivocally document the stable maintenance of all three dnaA-like constructs in P. gallaeciensis (supplementary figs. S4a,b, Supplementary Material online). The transformants are gentamicin resistent and harbor the additional plasmid of approximately 8 kb. Southern blotting of the separated plasmids and hybridization with a gentamicin probe shows that the resistance gene is still located on the extrachromosomal pBluescript derivative and has not been integrated into the host cell genome (supplementary fig. S4a , Supplementary Material online). No transformants were by contrast obtained with the cloning vector or the P. gallaeciensis module lacking the crucial replicase gene. These experiments provide the final proof that the dnaA-like module represents a novel and functional replication type of Rhodobacterales (Alphaproteobacteria).
Another aim of the current study is to test our predictions concerning the compatibility of different dnaA-like modules essentially deduced from phylogenetic analyses ( fig. 2) . The 262-kb dnaA-like plasmid of P. gallaeciensis BS107 represents an ideal indicator for these experiments. It obviously contains essential genes for the synthesis of a brown pigment typical for some Phaeobacter spp. (Martens et al. 2006 ) because plasmid loss correlates with a phenotypic change from brownish to white colonies (cf. wt and M3; fig. 7 and supplementary fig. S4c, Supplementary  Material online) . Electroporation of the brown wild-type strain with the three dnaA-like constructs (P. gallaeciensis, R. litoralis, and O. batsensis) exclusively results in white transformants lacking the genuine 262-kb plasmid. They are indistinguishable from transformants of the M3 strain (supplementary fig. S4, Supplementary Material online) . The corresponding modules that present the phylogenetic width of the DnaA-like subtree I ranging from Phaeobacter to Oceanicola ( fig. 2 ) are hence incompatible. This experimental outcome authenticates our in silico predictions about stable plasmid coexistence within the same host cell. Finally, we transformed the dnaA-like module of Oc. indolifex corresponding to subtree II ( fig. 2) into the P. gallaeciensis wild-type strain and obtained brownish colonies (fig. 7 and; supplementary fig. S4c , Supplementary Material online). This experiment proves the compatibility of dnaA-like sequences from both subtrees. It moreover documents the general validity of our conclusions essentially based on the presence of Oc. indolifex genes in both DnaA-like branches ( fig. 2) and thus substantiates the approach to classify plasmids based on whole-genome data and phylogenetic analyses (this study; Petersen et al. 2009 ).
Conclusion
More than 40 completely sequenced genomes of the marine Roseobacter clade (Rhodobacterales) constitute an exceptional molecular database and reflect a prime example of a taxonomically broad species sampling. We screened these genomes for replication/partitioning modules that are bar code labels to identify and classify extrachromosomal elements. Our unexpected discovery of a novel plasmid type, designated dnaA-like, exemplifies the benefit of present day genome sequencing, and it was the starting point to experimentally validate our conclusions based on in silico analyses. The premise to identify this crucial plasmid replication module was the complete gap closure of at least some sequenced genomes as, for example, those of P. gallaeciensis BS107 and S. pomeroyi DSS-3 (Thole S., unpublished data; Moran et al. 2004) . This laborious and time-consuming work is indispensable because the affiliation of single contigs to chromosomal or extrachromosomal replicons is impossible. In the finished Roseobacter (Rhodobacterales) genomes, we could identify the replication cassettes of all plasmids and comprehensive database analyses provided no hint for the presence of further fig. 2 ), whereas the brownish culture of the Oceanibulbus indolifex (O. ind) transformant belongs to the second compatibility group (subtree II; fig. 2 ). The untransformed wild-type (wt) as well as the M3-strain, lacking the 262-kb plasmid, serve as a negative control (no growth with Gm). Petersen et al. · doi:10.1093/molbev/msq310 MBE replication types. Thus, we assume that the available sequences provide a representative cross-section of the plasmid diversity in Rhodobacterales. Among four different types of extrachromosomal elements, dnaA-like is the only one that has been found exclusively in this alphaproteobacterial order. However, a limited host cell spectrum does not necessarily diminish the biological success of plasmids. Some of the globally most important replicons like the symbiotic plasmids of rhizobia, which ensure the nitrogen fixation of legume plants (Galibert et al. 2001) , and the tumor inducing (Ti) plasmid of Agrobacterium tumefaciens (Goodner et al. 2001) belong to the repABC type that is restricted to Alphaproteobacteria. A recent phylogenomic study about the distribution of repABC plasmids documented nine distinct compatibility groups in Rhodobacterales (Petersen et al. 2009 ). The current analyses propose the presence of nine additional groups, that is, two for dnaA-like, four for repA-, and three for repB-type replicons. Phylogenomic approaches accordingly indicate that Rhodobacterales harbor a set of at least 18 compatible plasmids, which can in principle stably coexist within the same cell. The presence of altogether 12 extrachromosomal replicons has recently been reported for Marinovum algicola DG898 based on pulsed-field gel electrophoresis techniques (Pradella et al. 2010) , and the genome of this Roseobacter clade isolate will provide a promising reference to test our predictions of plasmid compatibility.
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